The long-term goal of this research project is to improve our capability to use X-band marine radars to routinely measure waves, currents and bathymetry in coastal regions.
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Our approach is to use a time-dependent nonlinear wave propagation model to elucidate the nature of the imaging mechanism of X-band radar systems in nearshore regions. The numerical model is based on a finite difference solution of a fully nonlinear set of Boussinesq-type equations (Nwogu, 1993; Nwogu and Demirbilek, 2001) . The governing equations are uniformly valid from deep to shallow water and can simulate most of the phenomena of interest in the nearshore zone including shoaling, refraction, diffraction, reflection, bottom friction, nonlinear wave-wave interactions, wave breaking, wave-induced currents and wave-current interaction. The Boussinesq model is used to simulate the wave conditions that were observed during the COAST3D experiments. Numerical model predictions are compared to data from in-situ gauges. Cross-spectral analysis techniques are used to determine the transfer function and coherence between the predicted wave field and the radar backscatter intensities. We then investigate the variation of the transfer function with factors such as wind speed, wave propagation direction, wave height, distance from antenna, etc.
3-D FFT techniques are commonly used to estimate the normalized directional wave spectra from Xband radars (e.g. Young et al., 1985) . The 3-D FFT analysis technique implicitly assumes that the wave conditions are stationary and homogenous over the analysis area. This assumption is typically valid in radar image domain sizes of the order of 2km x 2km in deep water. However, we are primarily interested in shallow water where the effects of refraction, diffraction, nonlinear wave-wave interaction, wave breaking, and wave-current interaction lead to a non-spatially homogenous wave field. To estimate the directional wave spectra, we need to select subregions of the image with locally spatially homogenous conditions. This might involve subdomain sizes of the order of 2-5 wavelengths. Applying standard 3-D FFT techniques to such domain sizes will lead to the smearing of the wave energy in wavenumber space. Spectral analysis methods such as the Maximum Entropy Method (MEM) have been shown to provide high-resolution spectral estimates for short non-cyclic records. Hence, we propose to conduct maximum entropy spectral analysis of subregions of the radar image to compare with the standard FFT analysis method. Directional wave spectra determined from the X-band radar data at the in-situ gauge locations will be compared with the measured directional spectra.
Data from X-band marine radars have been used to infer the bathymetry in coastal waters. Since the radars provide a time-varying sequence of images of the sea surface, Bell (1999) used a motiontracking algorithm to determine the wave propagation speeds, wavelengths and directions. A depth inversion algorithm based on linear wave theory was used to estimate the water depths from the phase speeds and wavelengths. Good agreement was generally observed between the inferred and surveyed depths except in regions with strong currents and very shallow water where linear theory breaks down. An improved depth inversion algorithm is being developed based on Boussinesq wave theory.
WORK COMPLETED
To allow direct time-domain comparisons of numerical model predictions with in-situ gauges, as well as direct comparisons of numerically simulated wave fields with X-band radar images, we modified the Boussinesq model to synthesize multi-directional sea states from the time series of the surface elevation and two components of the horizontal velocity at a gauge location close to the incident wave boundary. The phases of the different frequency components are no longer selected at random and the directions are uniquely determined from the amplitudes of the velocity components.
We have run the Boussinesq model for several incident wave conditions that occurred during the COAST3D Teignmouth experiments. The predicted directional wave spectra at several gauge locations have been compared to the measured data. We have also implemented a 3-D FFT analysis algorithm to estimate directional wave spectra from X-band radar data. We have also implemented two highresolution spectral analysis algorithms based on the maximum entropy and maximum likelihood methods. We initially developed a nonlinear depth-inversion algorithm based on Boussinesq theory. However, the scheme could not successfully be applied to a sequence of radar images due to the amount of noise in the images and lack of one-to-one correlation between the radar intensity and sea surface elevation. We thus developed an improved linear depth inversion algorithm that utilizes highresolution wavenumber estimates from the maximum likelihood method.
RESULTS
We initially present results of the Boussinesq model simulations for the COAST3D Teignmouth experiments. Numerical simulations were carried out for a storm event that occurred on 11/12/99 at 06:00GMT. The incident wave climate at Gauge #3a had significant wave height H s = 1.6m, and peak period T p = 7.5s. The boundary conditions for the numerical model were synthesized to match the surface elevation and two components of the horizontal velocity at Gauge #3a close to the offshore boundary. Figure 1 shows the observed radar image of the sea surface while Figure 2 shows the wave field predicted by the Boussinesq model. In general, the signal to noise ratio of the radar image decreased with increasing distance from the antenna. The dominant wave component (T=7.5s) was filtered out from the sequence of radar images and compared to the sea surface elevation prediction from the Boussinesq model along a shorenormal transect (see Figure 3) . The normalized radar intensity matched the simulated sea surface elevation reasonably well at distances of 200 m to 500 m from the shoreline. There are however pronounced differences closer to shoreline where the waves are breaking and at distances of O(1km). We intend to use the Boussinesq model to guide development of an improved radar transfer function for nearshore applications. Preliminary comparisons of the measured and inferred bathymetries using the improved depth inversion algorithm are shown in Figures 4 and 5 respectively. The sand banks and navigation channel are well resolved by the inversion algorithm although the inferred depths are still relatively noisy and model performance is poorer in deeper water. We are currently optimizing several parameters in the depth inversion algorithm improve the model-data comparisons.
IMPACTS/APPLICATIONS
The X-band radar represents a unique and economically affordable tool for the remote observation of coastal regions. It can be used to measure directional wave spectra and circulation patterns in complex three-dimensional coastal inlets and map the underwater topography in areas that are too hazardous for traditional hydrographic survey methods. It is anticipated that this project will lead to the development of several robust algorithms for analyzing the wave field and inferring bottom topography X-band radar images.
